Abstract-We propose and demonstrate a novel, easy to use water depth pressure sensor based on selective mode excitation using a single-multi-single mode structure. The multi-mode fiber of the single-multi-single mode structure was coiled in a loop to introduce losses and reduce the size of the sensor. The change in ellipticity of the multimode fiber loop caused a spectral shift in the transmission spectrum of the structure, which was used for sensing application. A sensitivity of ∼ 0.63 nm/cm and an extinction ratio of ∼ 7 dB over a wavelength range of 1550-1600 nm has been reported. The high extinction ratio was achieved by exciting higher order modes of the multi-mode fiber by optimizing the core offset at both the input/output splices of the single-multi-single mode structure. We have also theoretically studied the transmission characteristics of the structure, which shows an excellent agreement with the experimental results.
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Index Terms-Single-multi-single mode (SMS) structure, graded index multimode fiber, modal interference, optical fiber sensor I. INTRODUCTION L IQUID level sensing is an important objective in various industrial processes [1] [2] [3] [4] as well as for underwater depth measurements [5] , [6] . Various liquid level sensors employing mechanical [7] , electrical [8] and optical [9] machinery are available in the market. Optical sensors have an edge over mechanical and electrical based sensors due to their immunity towards high-electromagnetic interference, high temperature and corrosion to chemical reagents. Several sensors based on optical techniques [10] [11] [12] [13] [14] [15] [16] [17] consumption, remote sensing possibilities and high sensitivity. Optical fiber based liquid level sensors using long-period fiber grating (LPFG) [15] , fiber Bragg grating (FBG) [16] Mach-Zehnder interferometer [17] , Fabry-Perot cavity [18] , surface plasmon resonance [19] , D-shape fibers [20] , etched fibers [21] , etc. have been reported in the literature. These sensors are complicated to fabricate and processes like etching and micro-bending make the sensor fragile for immersion in highly viscous liquids. The sensitivity of LPFG and FBG changes with temperature, limiting their applications at higher temperatures. To overcome these, single-multi-single mode (SMS) optical fiber structures are a good alternative [22] . They are compact, stable and very easy to fabricate due to the use of no fiber gratings, circulators or reflecting elements. The sensor probe being essentially a dielectric involves use of no electronic components ruling out possibilities of short circuiting. Study of SMS structure as a liquid-level sensor has already been reported [23] , [24] . Yu et. al have theoretically reported an ambient refractive index sensitivity of 1.02 nm/mm using a multimode fiber (MMF) axially spliced between two single-mode fibers (SMFs). Wei et. al have reported a sensitivity of 0.140 nm/mm using no core offset SMS interferometer. Another liquid level sensor similar to SMS structure, with a reduced core fiber (RCF) spliced between two SMFs has been also reported [25] . A small misalignment was introduced at the splice points in order to excite the cladding mode of the RCF, which later interferes with the core mode. They have reported a sensitivity of 5.61 pm/mm for a water depth of 9 cm. In the present paper, a SMS structure with core offset at both the input and output ends of the MMF has been used. SMS structures are based on the modal interference effect which has been extensively used to develop several optical devices such as band pass/stop filters [26] [27] [28] , sensors [29] [30] [31] , modulators [32] , directional couplers [33] etc. Their low cost and possibility of easily modifying the SMS structure (their length/type of the fibers etc.) as per the desired applications provide us with vast possibilities in this field of research. In conventional SMS structure, a section of MMF is axially spliced between two identical SMFs. In the present work, instead of a section of MMF, we have used a long coiled MMF in order to enhance the sensitivity. The change in ellipticity i.e. major (a) to minor (b) axis ratio (a/b) of the coiled MMF with change in water depth was utilized for sensing. Also for enhancement of extinction ratio, we introduced axial misalignment at both splices. The perfectly aligned input and output splices excite only first few symmetric modes of MMF with the highest power being carried by the fundamental mode [34] , giving a small extinction ratio. Due to axial misalignment at both the input and output splices, a redistribution of power carried by individual modes of MMF takes place increasing the extinction ratio of the transmission spectrum. The experiment was carried out at a wavelength range of 1550-1600 nm, due to negligible loss over this wavelength range.
The next section, Section II, comprises of the details of the experimental setup followed by a discussion of the results obtained through the experiment in Section III. The theoretical analysis and its comparison with the experimental sensitivity have been presented in Section IV. Conclusions have been made in Section V.
II. EXPERIMENTAL SETUP
The schematic of the experimental setup used to study the sensing behavior of the proposed SMS structure is shown in Fig. 1 . The SMS structure was formed by splicing a MMF (Corning-F01GI62NCG01) between two identical SMFs (Sterlite-6CH5492). To introduce bending losses and reduce the size of the sensor, we coiled the MMF in a loop of diameter 8 cm. The length of the MMF was taken to be 6 m to accommodate large number of loops, augmenting the bending losses. This in turn increases the sensitivity of the sensor towards changes in ellipticity. A long length of MMF ensures higher number of maxima/minima over a given wavelength range, making the bandwidth smaller and the resonances sharper. Also, misalignment at the input and output splices was introduced to excite higher order symmetric modes and by optimizing the same a high extinction ratio was achieved [35] . One end of MMF was spliced with the lead-in SMF at an axial misalignment of 2.7 μm (1 μm in x-direction and 2.5 μm in y-direction), while the other end was spliced with the lead-out SMF at an axial misalignment of 1.5 μm. The splicing was done using a fusion splicer (FUJIKURA 80S). The SMFs and MMF used in the experiment have core/cladding diameters equal to 8/125 μm (Sterlite) and 50/125 μm (Corning), respectively. We used a supercontinuum source (LEUKOS, SM-30-450) to launch light into the lead-in SMF. Transmission spectra have been recorded using an optical spectrum analyzer (OSA, YOKO-GAWA, AQ6370D). The SMS structure except the MMF-loop region was fixed to a platform to minimize errors in the transmission spectrum due to unaccounted parameters.
III. EXPERIMENTAL RESULTS AND DISCUSSION
We would like to mention here that in order to achieve higher extinction ratio, we fabricated several SMS structures by first optimizing the offset at individual splices using test and error method and later on by simultaneously optimizing the same at both the splices. Fig. 2 shows the transmission spectra of the SMS structure with an axial alignment (blue dotted curve) and an axial misalignment (red solid curve). A perfect axial alignment of the cores gives a low extinction ratio, ∼ 2 d B. For achieving high extinction ratio, an misalignment of 2.7 μm at input splice (lead-in) and 1.5 μm at output splice (lead-out) was done. Due to the misaligned splices, the fractional power coupled to the L P 01 mode of MMF decreases and becomes close to that carried by other modes of MMF. As a result, an enhanced extinction ratio, ∼ 7 d B, is achieved.
A shift in the transmission spectrum was observed with a change in the ellipticity of MMF loop, which has been utilized for sensing purpose. We fitted the transmission spectrum with an envelope and measured the shift of the minima of lower envelope in order to obtain a sensitivity of the proposed SMS structure. The sensitivity S is defined as the spectral shift of transmission minima per unit change in parameter α, S = λ/ α. Here, α is the corresponding measurable quantity which causes a shift in the transmission spectrum. To demonstrate the sensitivity of the structure towards change in the ellipticity of MMF, transmission spectra were recorded for various values of a/b. The photograph of an elliptical MMF loop is shown in Fig. 3(a) . Fig. 3(b) shows the transmission spectra for two different a/b values of 1.00, and 1.48. With an increase in a/b, we observed a spectral shift in transmission spectrum towards the higher wavelength side. The ellipticity of MMF loop can be changed using various methodologies. Here we have used (i) force along the loop axis and (ii) liquid pressure to change the ellipticity of MMF loop, and measured the corresponding sensitivity.
To demonstrate the application of the proposed SMS structure for water depth measurement, the structure was mounted on a rigid point, the arrangement is shown in Fig. 4(a) and force was applied vertically along the loop axis. As a result, the length of the loop axis decreased along the direction of applied force, leading to change in the ellipticity of MMF loop. The transmission spectra were recorded for the change in length of loop axis from 7.5 cm to 7.1 cm and are shown in Fig. 4(b) . The loop experiences a pressure energy mg h, where, m is mass of the loop, g is acceleration due to gravity, h is the change in length of loop axis in vertical direction. The change in pressure on the loop is reflected by the spectral shift in the transmission minima, as shown in Fig. 4(c) . It measures a spectral shift of ∼ 9.69 nm for 1 cm change in length of the loop axis.
To measure the water depth sensitivity of the proposed SMS structure we carried out an experiment by dipping the structure vertically in a water container as shown in Fig. 5(a) . The upper end of MMF loop was fixed to a scale and dipped at various water depths ranging 15-40 cm at an interval of 5 cm. The upper and lower portions of MMF loop experience different pressures resulting into a change in the ellipticity of loop. This effect was reflected in the transmission spectra as a spectral shift with the water depth which is plotted in Fig. 5(b) . The spectral shift in transmission minima with water depth is shown in Fig. 5(c) and the sensitivity was found to be ∼ 0.63 nm/cm. This shift of 0.63 nm for 1 cm water depth corresponds to a change in pressure of ∼ 1 mbar . This suggests that ideally, for 1 pm wavelength resolution, our sensor can measure ∼ 16 μm difference in water level and ∼ 10 −3 mbar of pressure [36] . The comparison of the proposed water depth sensor with few commercially available sensors is tabulated in Table 1 . A pressure applied beyond 62 mbar (corresponding to 4 cm length of minor axis) causes a huge reduction in the length of the minor axis of the MMF loop, deforming the ellipse and significantly reducing the extinction ratio of the transmission spectra due to micro bend assisted losses.
The SMS structure was then kept horizontally on a flat surface to study its response towards horizontal pressure. Pressure was applied by placing weight on the structure. The transmission spectra were recorded for various weights; 98, 196, 490 and 1176 m N, shown in Fig. 6(a) . The spectral shifts observed were negligibly small. For example, the spectral shifts corresponding to 1 mbar pressure with horizontal and vertical orientation of the loop were ∼ 0.004 nm and 0.63 nm, respectively, showing about two order of magnitude smaller shift for horizontal orientation. Further, we also measured the vibrational sensitivity of the SMS structure by placing it horizontally on a vibrational plate. As can be seen from Fig. 6(b) there is negligible spectral shift in the transmission spectrum corresponding to vibrations even up to 1200 rpm.
We would like to mention here that to avoid false alarms proper care has to be taken while using the sensor. The common sources of error are:
• Change in orientation: The orientation of the loop should remain intact throughout the sensing duration. Change in orientation will change the direction of action of force resulting in errors.
• Turbulence in water: Heavy turbulences in water may cause unaccounted changes in the orientation or the radius of the loop. • Effect of Micro-bends: Due to application of high pressure, micro-bends can dominate over macro-bends reducing the extinction ratio. If intensity interrogation method is used for measurement, power might be significantly lost in case of micro-bends, raising false alarms.
• Temperature: The sensor is temperature sensitive and errors can arise due to change in the surrounding temperature leading to cross talks. Thermocouples can be used to measure the changes in temperature and corresponding corrections can be made in the observations. In order to minimize the above-mentioned effects and for use in harsh industrial environments proper packaging will be required.
IV. THEORETICAL ANALYSIS
To understand the experimental results more clearly, we carried out a theoretical study using an appropriate model in Python. The analysis have been done considering scalar modes also known as linearly polarized (LP) modes. Let us represent the field of the fundamental mode of SMF as ψ S (r ) and the fields of various modes of the MMF fiber as ψ M (r )(= i a i ψ i ), where a i and ψ i are field amplitudes at the splice points and field of the axially symmetric i th mode of MMF, respectively. The normalized modal fields of SMF and MMF have been taken as [40] , [41] 
where W s and W m are the mode radii of the fundamental mode of SMF and m th mode of MMF, respectively and L m is Laguerre polynomial of m th mode of MMF. At the splice point, the field amplitude (a i ) is the overlap integral between the fundamental mode of the SMF and i th mode of the MMF, which basically governs the coupling efficiency of various modes of MMF and SMF [40] , [42] , [43] and it is expressed as
In our analysis, the transverse offset between SMF-MMF at lead-in and lead-out splice points have been incorporated by replacing ψ s (r ) with ψ s (r − r in ) and ψ s (r − r out ), respectively. Here, r in and r out are the transverse offsets at the lead-in and lead-out splice points having values 2.7 μm and 1.5 μm, respectively, optimized from the experiment. The total power (P S M ) carried by the lead-out SMF is expressed as [40] 
Here, a in/out m is the overlap integral (calculated using eqn. 3) of the L P 01 mode of SMF with L P 0m modes of MMF at lead in/out splice point of the SMS structure. In accordance with the experimental refractive index profile of MMF, a parabolic index distribution of MMF [30] was considered in our calculations. Here, L is the length of MMF fiber and β is the propagation constant. The propagation constants corresponding to different modes in MMF are given by [40] 
where, α m = 2/W 2 m , k 0 and n 0 are the free space wavenumber and the refractive index of the core of MMF, respectively. For the symmetric modes, l = 0 and m has values 0, 1, 2, etc. (β 0 − β m )L is the phase difference between two modes (L P 01 mode of SMF and L P 0m modes of MMF) at the lead-out splice point. It has been assumed in our calculations, that the core regions of SMF and MMF are doped with 3.1 mol% and 13.5 mol% GeO 2 doped silica, respectively. To incorporate the wavelength dependence in the refractive indices of core and cladding regions of both the fibers, the well-known Sellmeier relation [44] has been used. The refractive indices for the core regions of the SMF and the MMF were found to be 1.4487 and 1.4655, respectively at 1.55 μm. In our analysis, we have considered only excitation of the symmetric modes of MMF because the fractional modal power of L P 1m and other anti-symmetric modes would be zero as the overlap integral (a i ) is zero. The introduced misalignment is small, causing a redistribution of power only among the symmetric modes with no significant excitation of the anti-symmetric modes. For ease of calculation, the bending induced phase variations among the modes carried by MMF are incorporated in terms of the axial strain between points "A" and "B" (Fig. 1) . Applying strain causes a change in the refractive index of core/cladding and the core radius of MMF. The corresponding changes can be expressed as [28] Fig. 7 . Simulated transmission spectra of SMS structure for perfectly aligned (blue dotted curve) and misaligned (red solid curve) cases. where
Poisson ratio, ε is the axial strain, n i and n 0i are the refractive indices of core/cladding of MMF with and without strain, L is the elongation in MMF, p 11 and p 12 are the strain-optic coefficients of the fused silica. The values of parameters: p 11 = 0.12, p 12 = 0.27, σ = 0.17 [28] and L = 6 m are used in our calculation. The theoretically calculated transmission spectrum corresponding to the experimental parameters for the axially aligned and misaligned cases (Fig. 2) are shown in Fig. 7 . Similar to the experimental results, the extinction ratio of the transmission spectrum for the aligned case is small ∼ 1.36 d B while in the misaligned case it is enhanced to ∼ 4.50 d B. The sinusoidal transmission spectrum suggests that most of the power is shared between the first two modes of the MMF. A little deviation from a perfect sinusoidal transmission spectrum can be attributed to the excitation of more than two modes of the MMF. Also the slight difference between the experimental and simulated free spectral range can be attributed to the small disagreement of the opto-geometric parameters of the fibers considered in the theoretical calculations and the real fibers used in our experiments. To show the sensing behavior, we increased the strain from 0.08000 to 0.08020 with a step size of 0.00005. The corresponding transmission spectrum shows a spectral shift towards higher wavelength as shown in Fig. 8(a) . In agreement with the experimental results, theoretical spectrum also exhibits a linear shift with increasing axial strain, which is shown in Fig. 8(b) . The rate of change of the transmission minima with respect to strain is nearly 7000 nm/ (Fig. 8(b) ).
To theoretically demonstrate the underlying mechanism of increased extinction ratio after introducing the misalignments, the normalized fractional modal powers of different modes of MMF for aligned and misaligned cases are plotted in Fig. 9 . Here we notice that for the aligned case power carried by the fundamental mode (a 2 1 ) of MMF is highest and the ratio of fractional power in the fundamental mode to all other higher order modes of MMF (a 2 2 , a 2 3 , a 2 4 , etc) is >10 ( Fig. 9(a) ). Hence the modal interference results a low extinction ratio (dotted curve in Fig. 7 ). On the other hand for the misaligned case, the fractional power shared in the fundamental mode is reduced, bringing it much closer to the fractional modal power carried by L P 02 and other higher order modes ( Fig. 9(b) ). Hence the interfered output from the lead-out SMF exhibits an enhancement in the extinction ratio (red solid curve in Fig. 7 ).
V. CONCLUSION
We have proposed and demonstrated a new design for water depth sensing which is simple, compact, stable and easy to fabricate. The experimental study of the proposed SMS structure shows a linear spectral shift of the transmission spectrum with varying ellipticity of the MMF loop which has been used for sensing variations in pressure. As an application, using highly accurate spectral interrogation technique (measuring the spectral shifts in the transmission minima as a function of varying pressure), water depth up to 40 cm is measured in the laboratory environment with experimental sensitivity ( λ/ h) of ∼ 0.63 nm/cm. This suggests that using a detection system with 1 pm spectral resolution [36] , [45] and in the absence of noise sources (other perturbations) involved, the sensor can measure roughly ∼ 16 μm difference in water level which is ∼ 10 −3 mbar of pressure. The proposed sensor has a pressure detection range of ∼ 10 −3 − 62 mbar . Theoretical calculations are also carried out to explain the increased extinction ratio and sensing characteristics of the sensor. As further potential applications, the sensor can also be used for weighing microorganisms, measuring forces in aqueous solutions and also for stress/pressure measurement for structural health monitoring. Employing proper protection jacket, the sensor can also find applications in tank level measurement, diesel fuel gauging, high or low level alarms, leak detection etc.
